In Drosophila the decision processes between the neural and epidermal fate for equipotent ectodermal cells depend on the activity of proneural genes. Members of the Drosophila Iroquois-Complex (Iro-C) positively regulate the activity of certain proneural AS-C genes during the formation of external sensory organs. We have identified and characterized three mouse Iroquois-related genes: Irx1, -2 and -3, which have a homeodomain very similar to that of the Drosophila Iro-C genes. The sequence similarity implies that these three genes represent a separate homeobox family. All three genes are expressed with distinct spatio/temporal patterns during early mouse embryogenesis. These patterns implicate them in a number of embryonic developmental processes: the A/P and D/V patterning of specific regions of the central nervous system (CNS), and regionalization of the otic vesicle, branchial epithelium and limbs.
Introduction
During development of the mammalian nervous system, neuronal precursor cells within the ventricular zone proliferate and differentiate into the different cell types of neurons and glia. At the molecular level, however, little is known about the genes which direct neural cell commitment.
In Drosophila, genes playing critical roles during neural cell lineage determination have been identified, composing a network of proteins encoded by proneural and neurogenic genes, for reviews see (Campuzano and Modolell, 1992; Ghysen et al., 1993) . Proneural genes, such as the four members of the achaete-scute complex (AS-C), mediate the delineation of groups of ectodermal equivalent cells (proneural cluster) and confer them the capacity to become neural precursors, reviewed by (Jan and Jan, 1994) . Within a proneural cluster not all cells generate neurons, and this selection process requires a lateral inhibitory signaling mediated by the neurogenic genes. The key neurogenic genes such as Delta, Notch, Suppressor of Hairless [Su(H)] , and the Enhancer of split complex [E(Spl)-C] encode proteins that restrict the adoption of a neural fate to one or a few cells within the proneural cluster, reviewed by (Muskavitch, 1994; Parks et al., 1997) .
Homologs of the Drosophila proneural genes have been identified in many vertebrate species, and for some of them proneural activities have been reported (Allende and Weinberg, 1994; Ferreiro et al., 1994; Guillemot, 1995) ; for reviews see (Kageyama et al., 1995; Lee, 1997 ). An example of this is Mash1, which represents a mouse homolog of the AS-C genes, with an essential role during the formation of autonomic and olfactory neurons (Guillemot and Joyner, 1993; Sommer et al., 1995) . In vertebrates, increasing evidence emphasizes the function of the neurogenic and proneural regulatory network to select individual cells from equivalent groups for specific fates (Bellefroid et al., 1997; Gómez-Skarmeta et al., 1997) . The identification of genes like Hes and Id representing the murine counterparts of Hairy and emc, two negative regulators of A/S-C genes, as well as the isolation of mammalian neurogenic genes supports this (Moscoso del Prado and Garcia-Bellido, 1984; Chitnis and Kintner, 1996) .
In order to examine whether the evolutionary conservation of the proneural genes also includes some of their positive upstream regulators we focused on the Drosophila prepattern genes of the Iroquois complex (Iro-C). Two of these homeobox genes araucan (ara) and caupolican (caup), were recently reported to positively control the site specific activity of ac and sc (two genes of the AS-C) in sensory organ proneural clusters (Gómez-Skarmeta and Modolell, 1996; Leyns et al., 1996) . Several lines of evidence indicate that the members of the Iro-C are required for the initial activation of ac and sc in certain sensory organ proneural clusters. In loss-of-function Iro-C mutants the lateral sensory organs on the notum of the flies fail to form, accompanied by a loss of ac and sc gene expression (Gómez-Skarmeta and Modolell, 1996; Leyns et al., 1996) and reviewed by (Vervoort et al., 1997) . Furthermore, there is molecular evidence to show that Iro proteins are able to bind A/S-C enhancer sequences and that this binding is necessary for ac and sc expression (Gómez-Skarmeta and Modolell, 1996) . Recent data imply the identification of a further member of the Drosophila Iroquois family: mirror (mrr), another homeodomain protein which is very similar to ara and caup, exhibits defined activity during eye development (McNeill et al., 1997) .
The evolutionary conservation of at least some members of the genetic regulatory hierarchy that establishes neural fate during embryonic development encouraged us to screen for vertebrate Iroquois homologs.
In this study we present three members of the mouse Iroquois (Irx) gene family, referred to as Irx1, -2 and -3. They share 92-95% amino acid identity in the homeodomain with the Drosophila Iro-C genes. All three genes are not only expressed in overlapping patterns, but also in specific patterns within the developing nervous system. The sequence conservation between Irx1, -2 and -3 to the Drosophila Iro proteins and their gene expression patterns during embryogenesis indicate that Irx1, -2 and -3 might be involved in early determination processes during nervous system development. This finding suggests the possibility that the neurogenic pathway appears to be conserved in species which are very distantly related, such as the fruitfly and the mouse.
Results

Characterization of the mouse Iroquois gene family related to the Drosophila Iro-C
We isolated three novel mouse genes from a mouse cDNA library using a Drosophila ara homeobox probe and low stringent hybridization conditions. The cDNA sequence analysis confirmed that three members of the mouse Iroquois homeobox family were cloned, which we named (Fig.  1A) .
Alignments of the deduced homeodomains and flanking sequences of Irx1, -2 and -3 show regions of high amino acid sequence identity (82-92%) restricted mainly to the homodomains (Fig. 1B) and to some amino acids (up to 20) in the carboxy-flanking region (not shown).
Close inspection of the mouse Irx amino acid sequences revealed conservation of several features in addition to their homeodomains: the occurrence of potential phosphorylation sites for mitogen-activated protein kinase (MAPK) and some acidic regions downstream of the homeodomain. Such acidic regions may be involved in DNA-binding which has already been shown for flanking regions of other homeodomain proteins. Furthermore, a nine amino acid motif in the C-terminal portion without a known function was found to be conserved between Irx3 and Irx1 and ara, caup and mirror (not shown). This motif has not been found yet in Irx2, but it may be present in uncharacterized parts of the cDNA.
The highest degree of amino acid similarity among the different mouse homeodomain sequences was observed between Irx3 and Irx1 (Fig. 1A,B) .
The amino acid sequences of the three murine Irx homeodomains have 92-95% identity with Drosophila ara, caup and mrr (Fig. 1B) . This strongly supports the idea that the isolated mouse homeobox genes represent the mouse homologs of the Drosophila Iro-C genes. A Lysine at position 22 of the fly homeodomains represents a unique difference compared with vertebrate Iroquois homeodomains (Fig.  1A) . The homeodomain of one of the three so far isolated Xenopus homologs of Iroquois-like genes, Xiro3 (Bellefroid et al., 1997) has 100% similarity to the homeodomain of Irx3. Additionally, the 5' regions of Irx3 and Xiro3 have high sequence similarity. However the homeodomain of Irx1 and Irx2 show only 84 and 87% identity, respectively, to that of Xiro3. The homeodomains of the Xenopus Iroquois-like proteins Xiro1 and Xiro2 differ only in one amino acid from the murine homeodomains of Irx1 and Irx2, respectively (Gómez-Skarmeta et al., 1997) .
The mouse Irx homeodomains have significant similarity (90-100%) to seven human EST (expressed sequence tagged) sequences available in the ATCC-database (Fig.  1A,B) . These human Iroquois-like sequences also show a significant similarity (90-98%) to each other. One of the seven human Iroquois-like sequences (IRX1) has the same homeodomain amino acid sequence as Irx1 and Irx3, and the Xenopus Iroquois-like gene Xiro3. However, flanking regions of the homeodomain of this human IRX1 sequence differs more to that of Irx1 and Irx2 than to Irx3.
An alanine residue at position nine of the recognition helix (position 50 of the homeodomain) is characteristic for all members of the Iroquois protein family. No other known homeodomain has an alanine at this specific position. This alanine residue is placed in the major groove of the homeodomain and it is a major determinant of DNAbinding specificity (Treisman et al., 1989) .
Taken together, the structural similarities between the mouse, Drosophila, Xenopus and human Iroquois-like genes suggest that they constitute members of a new family of homeobox containing genes.
Detection of Irx1, -2 and -3 transcripts by Northern blot analysis
Northern blots with total and polyA + RNA samples isolated from E10.5-E17.5 mouse embryos were used to determine the sizes of Irx1, -2 and -3 transcripts. The Irx1 probe identified a 2.5 kb transcript ( Fig. 2A) . The Irx2 probe detected two distinct transcripts of 2.1 and 2.9 kb, respectively, (Fig. 2B) . The Irx3 probe detected two transcripts of 2.3 and 2.8 kb, respectively, (Fig. 2C ). These data confirmed that the different cDNAs correspond to three different genes.
In situ analysis of Irx1, -2 and -3 expression during early embryogenesis (E6.5-E7.5)
We compared the expression of the mouse Irx1, -2 and -3 (Gómez-Skarmeta and Modolell, 1996; McNeill et al., 1997) ; M, mouse (EMBL Nucleotide Sequence Database accession numbers for Irx1, -2 and -3 genes are: Y15002, Y15001 and Y15000, respectively); H. human. The amino acids are numbered, starting at 1 from the first amino acid of the homeodomain. Roman numbers on top represent the helices of the homeodomain. The Iroquois family of homeobox genes encodes proteins characterized by the presence of an alanine residue at position 50 of the homeodomain. Irx1, Irx3, and five of seven human sequences lack four amino acids in front of the homeodomain, in comparison with Drosophila and the remaining two human sequences. Sequence inconsistencies within the homeodomain of the human IRX6 derived from the database are depicted as an X. (B) Pairwise comparisons of percentage amino acid identity in the conserved homeodomains among Drosophila, mouse and human Iroquois family members. We assumed the not determinable amino acids (X) in IRX6 as conserved in comparison with the other Iroquois homeodomains.
genes during embryonic development between E6.5 and E10.5 by whole mount in situ hybridization.
Irx3 is the earliest of the Iroquois-family genes to be expressed. Transcripts of Irx3 are first found at E6.5 in the extraembryonic portion of the egg cylinder, at high levels in the ectoplacental cone and in the lining of the ectoplacental cavity (data not shown). All the structures expressing Irx3 are trophectoderm derivatives. The chorionic ectoderm which develops from the ectoplacental cone also shows Irx3 transcripts at mid-gastrulation (Fig. 3C) .
The embryonic expression of Irx3 starts at E7.5 as two symmetrical patches in the anterior region of the embryo (Fig. 3C) . At the same time the first Irx1 expression is seen in comparable regions of the embryo (Fig. 3A) . Transverse sections revealed that Irx1 transcripts are restricted to the mesodermal wings overlying the presumptive headfold region (Fig. 3D ). In contrast, Irx3 signals are confined to the ectodermal layer where they represent two expression domains in the margins of the neural plate (Fig. 3F ). Irx2 expression is not yet detectable at these stages (Fig.  3B ).
All three Irx genes display distinct expression patterns during neural tube closure
At E8.5, Irx3 mRNA is found dorsolaterally in the neural folds of the prospective mesencephalon, within the rhombencephalon mostly in the precursor regions of rhombomere 1 and -3, and additionally in the rostral part of the closing neural plate (Fig. 3I,L) . During the ongoing development, Irx3 signals extend further towards the caudal region of the In (J), the contour of the embryo has been partially delineated to make the identification of the labeled regions easier. (K) transverse section at the hindbrain level of a slightly older (E8.75) embryo than the one in (H) with Irx2 expression limited to the neuroepithelium of the presumptive hindbrain at the level of pre-r 4. FB, forebrain; bpo, branchial pouches; ect, embryonic ectoderm; exe, extraembryonic ectoderrn; FG, foregut; H. heart; HB, hindbrain; MB, midbrain; mes, mesoderm; pos, preotic sulcus; rh4, rhombomere 4; SP, spinal cord. neural tube. Within the neural tube, Irx3 transcripts are confined to the ventricular site (close to the lumen) of the alar plate, excluding the roof plate and the most dorsal region (Fig. 7C ). Irx1 and Irx2 transcript distributions within the developing nervous system appear more restricted in comparison to Irx3. The most prominent expression of Irx1 in the brain is confined to the dorsolateral walls of the mesencephalon (Fig. 3G) . Sagittal sections also revealed a weak expression in the rhombencephalon and within the posterior region of the neural tube (Fig. 3J) . At this stage, Irx2 expression appears for the first time in the rhombencephalon, specifically active in the presumptive region of future rhombomere 4 (Fig. 3H ).
During neurogenesis (E9.5-E10.5) Irx1, -2 and -3 are predominantly expressed along the anteroposterior axis of the CNS
At E9.5 all three Irx genes display restricted patterns of expression along the A/P axis of the developing neural tube with a common rostral limit at the level of the pretectum (Fig. 4A ,B,C). All Irx genes are strongly expressed in the tectum of the mesencephalon, whereas in the tegmentum only Irx3 and Irx1 transcripts are found (Fig. 4A,B,C) . The hindbrain also exhibits A/P-specific expression of the three Irx genes: Irx3 is expressed throughout the entire hindbrain while Irx1 and Irx2 are restricted to specific rhombomeres (Fig. 4A ,B,C). Sagittal sections reveal only a faint appearance of Irx1 mRNA within the dorsal portions of the rhombomeres 2, 3 and 4 (Fig. 7B ). At this stage Irx2 expression is found in rhombomeres 1-4 and 7-8 (Fig. 4B) . It is worth noting that the border region between mesencephalon and rhombencephalon and the anterior prosencephalon do not show any Irx gene activity.
In the rostral spinal cord, Irx3 transcripts are found in the alar and basal plate, but not in the roof-and floorplate (Fig.  5I,L) . In caudal regions of the spinal cord Irx3 is expressed only in the alar plate (Fig. 5L) . In contrast, Irx2 expression in the spinal cord is much weaker and confined to the alar plate along the entire spinal cord (Fig. 5H,K) . The expression of Irx1 is only observed in the spinal cord posterior to the region of the developing hindlimb (Fig. 5J) .
At E10.5, the expression domains of all Irx genes extend rostrally into the dorsal diencephalon, while the characteristic patterns of their early expression are maintained (Fig. 4D,E,F) . The rostral boundary of Irx1 and Irx2 expression extends to the presumptive domain of the zona limitans intrathalamica (Fig. 4D,E) . Only Irx3 shows expression in the basal plate of the diencephalon (arrowhead in Fig. 4F ). Furthermore, Irx3 expression in the mesencephalic roof exhibits a posterior-to-anterior gradient (Fig.  4F) .
Additionally, in the spinal cord Irx3 transcripts are localized in cells of the ventricular layer and in the motoneuron column of the basal plate (Fig. 7E) . The alar plate reveals also two restricted areas in the marginal layer.
In these stages, Irx1 expression extends into the entire ventral spinal cord, but the strongest expression remains in the most caudal region (arrowhead in F. 4D). From this time onwards Irx1 expression domain is restricted to the ventral spinal cord.
Complementary expression of Irx1, -2 and -3 during early development of the inner ear
Starting at the otic vesicle stage, there is a remarkable regionalized expression pattern of all three Irx genes in the developing inner ear (Fig. 6 ). Transverse sections of E9.5 embryos at the level of the hindbrain reveal the expression of Irx1 within the lateral wall of the otic vesicle (Fig. 6A) . This region partially overlaps with the Irx2 expression domain in the lateroventral part of the otic vesicle (Fig.  6A,B) . In contrast to Irx1 and Irx2, the distribution of Irx3 transcripts is restricted to the ventromedial portion of the otic vesicle adjacent to the hindbrain (Fig. 6A,B,C) . The dorsal region of the otic vesicle is devoid of any detectable Irx transcripts. From E10.5 onwards, all three Irx genes are expressed in the entire otic vesicle.
The condensing mesenchyme on the ventral side of the otic vesicle also displays expression of Irx1, -2 and -3 (arrowhead in Fig. 6 ). The surrounding mesenchyme is necessary for proper spatial development of the vestibular and auditory receptors, and for the formation of the cartilages which later surrounds the inner ear (Ruben et al., 1986) .
Specific expression of Irx1, -2 and -3 during limb development
Only Irx3 is expressed in the prospective limb territories of the lateral plate mesoderm from E9.0 onwards (Fig. 4C) . From E10.5 onwards, the Irx genes exert distinct patterns of expression in the developing limb buds (Fig. 4D,E,F) . Transcripts of Irx3 exhibit a gradient of expression along the dorsoventral and the proximodistal axes with their highest level in the proximodorsal margin of the limb (Fig. 7D) . This expression extends distally as the limb grows and maintains the gradient. From E10.5 onwards Irx1 and Irx2 start to be expressed in the limb bud (Fig. 4D,E ). Irx1 appears to be very faintly expressed in a region where the apical ectodermal ridge (AER) arises (Fig. 4D) . Only a weak Irx2 expression is detectable in . APL, alar plate; BAP, basal plate; bare, epithelium of the branchial arch; d, dorsal; dt, distal; H. heart; HB, hindbrain; Hl, hindlimb; MB, midbrain; mot, motoneuron; nch, notochord; NE, neuroepithelium; ov, otic vesicle; p, proximal; som, somites; v, ventral. Fig. 8 . Schematic summary of the comparative expression analysis of Irx1, -2 and -3 between E9.5 and E10.5. Hatched areas delineate mesodermal derivatives. Endodermal derivatives are depicted with black dots. Irx expression within the CNS is shown colored. The three genes are expressed along the CNS with a rostral limit at the dorsal thalamus except for Irx3 which extends to the hypothalamus. I-IV, branchial arches I-IV; DT, dorsalthalamus; ET, epithalamus; Fl, forelimb;; H. heart; HB, hindbrain; Hl, hindlimb; Hyt, hypothalamus; L, lungbud; MB, midbrain; PT, pretectum; som, somites; VT, ventralthalamus. the dorsal portion of the limb bud (Fig. 4E) . At E11.5 transcripts of Irx1 appear strongly in the forelimb digits (not shown).
Irx1, -2 and-3 expression in other tissues during early stages of organogenesis
Both Irx1 and Irx3 are expressed in two symmetrical patches in the embryonic mesodermal layer, with Irx3 expression being very faint. They begin to express at stages E7.5 and E7.75, respectively (Fig. 3D) . However, only Irx3 is detected in the notochord at stage E9.0 (Fig. 7A) . At E9.5 transcripts of Irx1 and Irx3 and later also of Irx2 (at E10.5) are found in the cephalic mesenchyme around the optic vesicle which is involved in the formation of the outer layers of the eyes, the eye muscles and the lachrymal glands (Fig. 4A,C,E) . Around E10.5, the Irx3 signals in the head mesoderm extend into the nasal pits (Fig. 4F) . Furthermore, all three genes are found in putative cephalic mesenchymal cells which in time may participate in trigeminal and fascio-acustic ganglia formation (Fig. 5A,F) . At later stages the Irx genes are transcriptionally active in the V and VII-VIII cranial ganglia (not shown). The cranial ganglia are known to have two embryonic origins: the cephalic neural crest and the epibranchial placodes. From E9.5 onwards, the branchial clefts including the regions of the branchial placodes, reveal different restricted expression patterns of all three genes in distinct ectodermal regions between the mandibular, maxillar and hyoid swellings (Fig. 4 A-F) , schematically summarized in Fig. 8 . However, no Irx expression is detectable in migrating neural crest cells. Later on, the external ears (derivatives of the epibranchial placodes) show expression of Irx1, -2 and -3 (not shown).
Beginning with E9.5, Irx1 and Irx2 exhibit expression in the superficial ectoderm surrounding the body, with Irx1 transcripts being restricted to the ectoderm at the level of the hindbrain (Fig. 5D,E,G,K) .
From E8.5 onwards, Irx1 and later all three Irx genes (E9.5) are expressed in the region of the foregut, which will form the pharynx and the lung bud (Fig. 3G ). This expression domain is maintained at later stages in the epithelial layer of the bronchiae (Fig. 5) .
At E10.5 only Irx1 expression appears in the somites and becomes later restricted to the myotome (Fig. 4E and section not shown).
Discussion
We have characterized three mouse homeobox genes Irx1, -2 and -3 related to genes of the Drosophila Iro-C locus. These mouse genes code for proteins exhibiting a very high homeodomain sequence conservation as their Drosophila counterparts. Their expression precedes and overlaps the expression of distinct proneural genes in the mouse.
Conservation of the predicted protein sequences of the murine Iroquois-like genes is mainly restricted to their homeodomains
The primary protein sequences of Irx1, -2 and -3 reveal a high degree of identity (92-100%) within their homeodomains. This extreme amino acid sequence conservation in Iroquois-like proteins was also found when compared to such evolutionary distant species as Drosophila, Xenopus and human (up to 100% amino acid identity between mouse and human). An alanine residue at position 9 of the recognition helix is a characteristic feature for the Iroquois family of homeodomains. Due to the high sequence similarity and the characteristic expression patterns we consider the mouse Iroquois-like genes as a separate homeobox family as it was proposed by Gómez-Skarmeta and Modolell (1996) . Preliminary data indicate that the murine Iroquois-like gene family is larger than the three members presented (unpublished observations).
Involvement of Irx genes during neurogenesis
The finding that Drosophila Iro-C members regulate proneural genes suggests that the murine Irx genes could play a similar role during mouse neurogenesis. In Drosophila, the genes of the Iroquois-complex are expressed in the head of the embryo, epidermis and in broad territories within the imaginal wing disc that include the proneural clusters which give rise to the sensory organ precursor cells (Gómez-Skarmeta and Modolell, 1996) . However, the exact pattern of expression in the head of the fly embryo has not yet been described.
Three Xenopus homologs of the Iroquois family are found to be expressed in the neuroectoderm and anterior mesoderm, overlapping Xash3 expression (Bellefroid et al., 1997; Gómez-Skarmeta et al., 1997) . Their recent data imply that the Iroquois-like genes in Xenopus promote neurogenesis upstream of Xash3 and other proneural genes.
The early and transient expression of the mouse Irx genes during initial stages of neural development represents a common feature of the vertebrate and invertebrate Iroquois family members. Irx3 is expressed in the neuroectoderm at a time when the neural plate begins to form (E7.5). Whether this similarity in the chronology of gene activity indicates that this part of the network of interacting genes is also conserved through evolution remains to be investigated.
Furthermore, the localization of Irx3 transcripts in the ventricular zone of the alar plate of the spinal cord containing uncommitted neural precursor cells suggests that Irx3 could play a role in the development of sensory neurons.
Neurogenesis in mammals requires progressive regionalization along the A/P and D/V axes resulting in regions with distinct molecular traits. Many transcription factors and regulatory molecules participate in these patterning processes as shown for the Hox, Pax, Nkx and POU gene families (Guillemot, 1995) . For example, evidence has been presented for the involvement of Hox genes in the specification of hindbrain identities, for reviews see (McGinnis and Krumlauf, 1992; Keynes and Krumlauf, 1994) . During vertebrate hindbrain development, 8 metameric units, termed rhombomeres, appear. Only a few genes are described which display a rhombomere specific activity such as Hoxbl, the most 3' member of the HoxB group and the zinc-finger transcription factor Krox20 (Goddard et al., 1996) ; reviewed by (Lumsden and Krumlauf, 1996) .
Interestingly, even prior to the formation of morphologically recognizable rhombomeric units, Irx2 expression is restricted to the hindbrain neural ectoderm giving rise to pre-rhombomere 4 (pre-r4). Irx3 signals accumulate in pre-r1 and pre-r3. These specific expression patterns suggest that the Iroquois-like genes may be involved in rhombomere territory delineation and could be useful markers for rhombomere identities.
At E9.5 all three Irx genes exhibit an anterior expression border at the pretectum. One day later, this border expands to the dorsal thalamus. Only Irx3 extends its expression also into the basal plate of the diencephalon.
Within the mesencephalic roof Irx3 exhibits a rostrocaudal gradient of expression. The earliest genes reported so far with expression in a gradient-like manner are the Engrailed genes, reviewed by (Lumsden and Krumlauf, 1996) . Knockout experiments demonstrated that Enl is indeed involved in establishment of midbrain polarity, reviewed by (Joyner, 1996) .
The Irx genes may also participate in the A/P regionalization of the spinal cord. While Irx3 and Irx2 were active along the entire A/P axis of the spinal cord at E9.5, transcripts of Irx1 were limited to the region posterior to the hindlimb bud. One day later Irx1 expression extends rostrally, but still exhibits its most intensive expression in the tail bud region.
Moreover, Irx1, -2 and -3 display distinct patterns also along the D/V axis of the developing CNS suggesting a possible involvement in early neuronal regionalization. Irx3 is the only Irx gene with expression in the basal plate within the diencephalon, while both Irx1 and Irx2, are limited to the dorsal and ventral thalamus, which are alar plate derivatives. Within the mesencephalon as well as the pretectum and tectum (the last two being alar plate descendants) all three Irx genes are expressed. The basal mesencephalic domain, the tegmentum, expresses Irx3 and Irx1, but not Irx2. The spinal cord also displays a distinct D/V pattern of Irx genes: Irx1 appears to be specific for ventral (basal) territory while Irx3 and Irx2 are restricted to the most dorsal region. It is remarkable that the main Irx3 and Irx2 expression domains in the neural tube occur in alar plate derivatives.
Candidates for determination of neuronal identities in the CNS are Pax3, Pax7 and Mash1 which are expressed during dorsal cell differentiation, and also Pax6 and Neurogenin which are expressed in medial/ventral regions, for reviews see (Mansouri et al., 1996; Tanabe and Jessell, 1996) .
In conclusion, the Irx genes may participate in the signaling cascade during the regionalization along the neuraxis. Their distinct spatio/temporal expression profile between E9.5 and E10.5 is schematically summarized in Fig. 8 .
The overlap in expression patterns of the three Irx genes during early embryogenesis raises the possibility of functional redundancy of these genes. A systematic mutational analysis of single and compound mutants of the Irx genes, together with the comparative expression studies as presented here, will identify both the functions that are shared among the different members and the unique roles of each of them.
Complementary expression of the murine Irx genes in the otic vesicle suggests a role in pattern formation during inner ear development
The otic vesicle is formed by a process of condensation of ectodermal cells into the otic placode, which then invaginates into the mesenchyme lateral to rhombomere 5 and -6. The otic vesicle gives rise to the inner ear which is also described as the membranous labyrinth and contains the sensory organs for hearing and balance. Between E9 and E10, the otic vesicle becomes regionally determined, although its neuroepithelial walls still look homogenous (Ruben and Rapin, 1980; Swanson et al., 1990) .
The expression patterns of otic vesicle regionalizing genes may indicate the future cell fate of the developing inner ear, for review see (Fekete, 1996; Rivolta, 1997) . Inactivation of a few of these genes lead to inner ear malformations which help to determine the region of the otic vesicle which gives rise to the individual structures of the inner ear (Mansour et al., 1988; Torres et al., 1996; Hadrys et al., 1997) . Firstly, the dorsomedial aspect of the otic vesicle extends to form the endolymphatic sac while its ventral end differentiates into the cochlea. The utricular region descending from lateral and dorsal parts differentiates to form the three semicircular canals. These differentiation processes during inner ear formation, as in any other organ system, most likely result from the temporal and spatial expression of a selected array of genes.
The complementary expression of the three Irx genes suggests that they together with other regulatory genes contribute to the development of inner ear components.
Specifically, the region of Irx1 activity in the lateral portion of the otic vesicle overlaps with the expression of the homeobox gene Nkx5.1. Loss-of-function of Nkx5.1 results in malformation of all three semicircular canals (Hadrys et al., 1997) . Thus, one can speculate that Irx1 also participates in semicircular canal formation Irx2, with its transcriptional activity in ventrolateral regions of the auditory vesicle, may be involved in cochlea development. Irx3 signals were confined to the otic vesicle neuroepithelium adjacent to the hindbrain, similar to the expression of Pax2. Since mice in loss-of-function studies of Pax2 exhibited cochlea and ganglia defects (Torres et al., 1996) we suppose that Irx3 also participates in cochlea development and formation of the VIII ganglion. Moreover, Irx3 and Pax2 may be functionally related because their expressions overlap completely at the onset of Pax2 activity in late primitive streak stages (Rowitch and McMahon, 1995) .
It is known that inductive processes mediated by rhombomere 5 and -6, which are required for the formation and subsequent development of the auditory and balance system in vertebrates (Wilkinson et al., 1988; Noden and Van de Water, 1992) . Fgf3 (Int2) whose expression occurs in a region proposed as an inductive area for the otic vesicle is presumed to encode a diffusible factor produced by the hindbrain (Wilkinson et al., 1989) . In loss-of-function Fgf3 mutants the otic vesicle and tail structures fail to develop properly (Mansour et al, 1988) . However, in these mice the induction of the otic vesicle itself is not affected, rather, its subsequent development.
According to these observations it is of particular interest that all three Irx genes are strongly expressed in rhombomere 5 and -6 when the initiation of the otic placodes takes place, indicating a possible involvement of Iroquois-like genes in morphogenetic induction events during the formation of the otic vesicle (at about E8.0-E8.5).
During embryonic inner ear development our expression data imply two different involvements of the mouse Irx genes: firstly, during otic vesicle induction by the hindbrain, and secondly, during otic vesicle patterning and differentiation.
Specific Irx activity suggests roles in determination of limb territories
The limb bud emerges from thickened lateral plate mesoderm which condenses with its ectodermal covering. Members of the Fgf family are known to initiate limb bud outgrowth (Dealy et al., 1996; Ohuchi et al., 1997) . Irx3 activity at E9.0 in the lateral plate mesoderm (prior the limb bud appearance) suggests a role during these early limb formation processes.
The limb as an asymmetric structure is defined on three axes: anterioposterior (A/P), proximodistal (P/D) and dorsoventral (D/V). A series of factors participating in axial determination of the limb bud have been proposed, such as Wnt7a which is involved in D/V patterning, Shh which is specifying posterior identities, members of the Fgf family for distal outgrowth, LMX1 for dorsalization and En1 which is essential for limb ventralization (Dealy et al., 1996; Ohuchi et al., 1997) . Another important group of genes are the HOX genes homolog to the Drosophila HOM-C (Krumlauf, 1994) . Sections of embryos hybridized with Irx3 suggest its possible involvement during establishment or maintenance of the D/V and P/D axes.
The initial Irx1 expression in the limb bud from E10.5 onwards was limited to the region from which the AER arises, while later Irx1 expression was located in the digits (not shown). The AER is involved in the separation of the digits (Williams et al., 1989) . Experiments removing the AER led to truncated digits. Thus, Irx1 may contribute to the process of digit formation.
Irx genes exhibit expression in concordance with Mash1 in the CNS and elsewhere
In Drosophila it has been found that the Iro genes positively control some of the A/S-C genes (Gómez-Skarmeta and Modolell, 1996) .
Mash1 represents the only mammalian homolog of the AS-C genes with transcriptional activity during embryonic nervous system development. In analogy to the functional cascade in the fly, Mash1 could be a potential target gene of mammalian Irx genes. Mash1 is expressed in proliferating precursors in CNS and autonomic NS during prenatal mouse development (Guillemot and Joyner, 1993; Lo et al., 1994) . At E9.5 the distribution of Irx1, -2 and -3 transcripts completely match the Mash1 expression within the CNS in the mesencephalic roof, hindbrain and spinal cord. One day later, the Irx genes and Mash1 are coexpressed in the diencephalon, tegmentum and in certain sensory ganglia. In addition, Mash1 expression can be correlated with Irx gene activity in the developing lung. The spatial expression of Irx genes, which at least partially overlaps with Mash1 expression in the mouse embryo, suggests a possible conservation of the regulatory genetic interaction from fly to mouse.
In particular, Mash1 starts to be expressed at E9.5, and thus differs from the onset of Irx expression (Guillemot and Joyner, 1993) . As a possible downstream target, also the mouse homolog to Xash3 would be an interesting candidate for a role in neuronal induction (Zimmerman et al., 1993) .
Further upstream regulatory genes for the Drosophila Iro-C locus have been reported (Gómez-Skarmeta and Modolell, 1996) . Thus, a zinc-finger domain containing gene, cubitus interuptus (ci), functioning as a segment polarity gene in Drosophila may regulate together with dpp the activity of the Iro-C genes. Homologs have been identified in C. elegans (tral), mouse (Gli1-3) and human (Vortkamp et al., 1991; Schimmang et al., 1992; Hui et al., 1994) .
Interestingly, our mouse Irx expression data reveal several parallels to the expression of putative upstream genes, the members of the Gli-family. The initial expression of the Gli genes is detected during gastrulation in the overlapping ectoderm and mesoderm and later with distinct patterns in the developing neural tube similar to the Irx expression. Moreover, the Gli genes show also a D/V patterning in the developing neural tube like the Irx genes. A naturally occurring Gli3 mutation, the mouse extra-toes mutant, shows neural tube closure defects and skeletal malformations (Hui et al., 1994) . Mutations in the human Gli3 gene lead to the developmental disorder GCPC (Greig-Cephalo-Polysyndactylie-syndrome) which has similar limb and craniofacial malformations (Vortkamp et al., 1991) .
In conclusion, the sequence similarity of mouse Irx genes combined with their pattern of expression during development suggests both a structural and a functional correlation with Drosophila Iroquois genes. This notion is further supported by the similarity between the expression patterns of Irx genes and those of the putative mammalian homologs in the Drosophila signaling cascade.
Experimental procedures
cDNA analysis
A homeobox derived 700-bp probe from the Drosophila ara gene was used to screen a mouse E8.5 C57BL murine lgtlO poly (T)-primed cDNA library (kindly provided by Dr. Brigid Hogan) according to (Oliver et al., 1995) . A total of 10 6 plaques were screened and 13 independent phages were isolated. Sequence analysis revealed that the 13 cDNA fragments contained three diverged murine Iroquois related genes.
Four cDNA clones represented the same homeobox comprising a region of~1.7 kb. It was named Iroquois-homeobox-3 (Irx3). To expand the Irx3 cDNA fragment a further 5′, an E14.5 randomly primed cDNA library (kindly provided by Dr. R. Wehr) was screened at high stringency using a 5′-probe excluding homeobox sequences. One clone extended the previously isolated cDNA around 700 bp in the 5′ direction. The Irx3 cDNA has a total length of~2.4 kb including an open reading frame encoding a 507 amino acid protein. The sequence directly upstream of the proposed initiation methionine agreed in all six bases with the 'Kozak consensus sequence' (Kozak, 1987) .
Another set of four cDNA clones contained fragments of the Irx1 gene and spanned a length of~1.5 kb. The remaining three cDNAs belonged to the Irx2 gene comprising in total~2.2 kb. The translation start points of Irx1 and Irx2
have not yet been cloned.
Northern blot analysis
RNAs were extracted from E10.5-E17.5 NMRI embryos using the lithium chloride-urea method described by (Auffray and Rougeon, 1980) . PolyA + RNA was isolated from total RNA using columns containing Poly(U) sepharose4B (Pharmacia). PolyA + RNA (3 mg) was separated in a 1.2%
agarose-formaldehyde gel and transferred to a nylon membrane (Qiagen). Hybridizations with the Irx1, -2 and -3 specific probes were performed overnight at 42°C in 50% formamide, 1M sodium chloride, 1% SDS and 100 mg/ml salmon sperm DNA. Blots were sequentially washed in 2× SSC, 0.5% SDS (two times 30 min at 65°C) and in 0.1× SSC, 0.5%SDS (once for 30 min at 65°C).
In situ hybridization
The cloning of the murine Irx members from a E8.5 cDNA library implies expression during early stages of embryonic development. Whole mount in situ hybridizations (Wilkinson and Nieto, 1993) using in vitro probes deriving from regions outside of the conserved Irx homeobox were performed on mouse embryos from E6.5-E10.5. For each gene we used at least two different probes between 0.5-1.0 kb, and the detected patterns were identical. Sense RNA probes were used as negative controls in all experiments. Structures in the developing nervous system were named according to the atlas of (Alvarez-Bolado and Swanson, 1996) .
